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Temperature-sensitive (ts) mutants of Staphylococcus aureus with defective
cell wall biosynthesis have been differentiated from other ts mutants by their
ability to grow at the restrictive temperature (43 C) in the presence of 1 M
NaCl. Under all conditions they possess normal colonial and cellular mor-
phology at the level of resolution of the light microscope and are, therefore, not
protoplasts. However, differences between mutant and wild-type cells can be
seen by scanning electron microscopy. Many of the mutants contained concen-
trations of nucleotide precursors of peptidoglycan synthesis in excess of those
present in wild-type cells, at both 30 and 43 C. The types of peptidoglycan
precursors accumulated by six of the mutants have been determined, and spe-
cific enzymatic defects in three of these have been identified.
The fundamental mechanisms of bacterial
peptidoglycan biosynthesis are now fairly well
understood (4). However, the controls of this
process and, in particular, its integration into
the cell division cycle are yet at a very descrip-
tive stage of analysis. Genetic analysis of the
loci whose products are uniquely involved in
peptidoglycan synthesis and biochemical anal-
ysis of the effects of lesions within such genes
should provide a direct approach to this
problem. This paper deals with mutants of
Staphylococcus aureus whose phenotype indi-
cate that they have lesions in structural genes
involved in peptidoglycan synthesis.
The primary function of the peptidoglycan is
to resist the force produced by the osmotic
pressure across the plasma membrane. This
may be as high as 22 atmospheres in S. aureus
(15). Defects in peptidoglycan biosynthesis,
such as those produced by certain antibiotics
(penicillin, vancomycin, i-cycloserine, etc.)
yield fragile cells (spheroplasts) requiring os-
motic stabilization (7). A requirement for os-
motic stabilization can be used as a means of
selection for mutants defective in peptido-
glycan biosynthesis, as has previously been
demonstrated in Escherichia coli. In 1966,
Mangiarotti et al. reported the isolation of
mutants of E. coli requiring high concentra-
tions of sucrose for growth. One of these was
found to require the cell wall amino acid D-
'This paper was presented in part at the 71st Annual
Meeting of the American Society for Microbiology, Minneap-
olis, Minnesota, 2-7 May, 1971.
alanine (13). Temperature-sensitive fragile
mutants of E. coli were isolated by Matsuzawa
et al. (14). These had impaired peptidoglycan
biosynthesis at the restrictive temperature (43
C), and several of them accumulated precur-
sors of peptidoglycan biosynthesis. Four of the
mutations were mapped genetically; two were
located near the argH loctis and two near ara
on the E. coli chromosome. More recently,
Lugtenberg et al. have reported the biochem-
ical characterization of another group of tem-
perature-sensitive lysis mutants of E. coli (12).
Attempts have also been made to find fragile
mutants in gram-positive species. In 1968,
Rogers et al. reported the isolation of a group
of mutants of Bacillus subtilis and Bacillus
licheniformis with "disturbed morphology and
cell division," selected on the basis of their
dependence on 0.8 M NaCl (17) for growth.
Only one of these mutants lysed when sus-
pended in water, and no specific enzymatic
lesions were identified. Temperature-sensitive
mutants of S. aureus that become fragile and
die when exposed to the restrictive tempera-
ture (43 C) (TOF mutants) have been pre-
viously described (5). These mutants can be
protected if 1 M NaCl is provided in the cul-
ture medium and will then grow and divide at
43 C to produce normal-looking colonies on
solid media. Since normal colony and cell
morphology are observed at the restrictive
temperature in the presence of an osmotic sta-
bilizer, some cell wall must be present and the
mutants must have a leaky phenotype. Other-
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wise, protoplasts would be observed under the
above conditions (7). The morphology of some
of these mutants, as observed by scanning
electron microscopy, is presented in this
paper.
Uridine diphospho - N - acetylmuramyl - L
alanyl - 'y -D-glutamyl-L-lysyl-D-alanyl-D-alanine
(UDP-MurNAC-L-Ala - D -Glu-L-Lys-D-Ala-D-
Ala), its analogue where L-lysine is replaced by
meso-diaminopimelate, and other related nu-
cleotide pentapeptides are precursors of the
peptidoglycan of all bacterial cell walls. They
are incorporated into the disaccharide-peptide
repeating unit of the polymer. This precursor
is formed by the sequential addition of amino
acids to UDP-MurNAc by enzymes which are
specific for each amino acid and nucleotide
acceptor. A deficiency in the activity of such
an enzyme should lead to, and could therefore
be detected by, the accumulation of its nucleo-
tide substrate, unless feedback inhibitory proc-
esses prevent such accumulation. The S. au-
reus mutants have been screened for accumu-
lation of such nucleotides, and, where found,
the nature of the nucleotides accumulated has
been determined. In three mutants this has
been correlated with a specific enzymatic le-
sion.
Parallel studies have been pursued at the
same time by Chatteree and Young working
with S. aureus strain H (Str). Their results are
presented in the accompanying paper (2).
MATERIALS AND METHODS
Media. The commercially prepared media used in
this study included Brain Heart Infusion Broth
(BHI; Difco, Detroit, Mich.), nutrient broth (NB;
Difco), and Sa broth. Sa broth contained 1 g of
K2HPO4, 2 g of glucose, 5 g of peptone (Difco), and 5
g of yeast extract (Difco) per liter. The osmolarity of
these media was increased by supplementation with
NaCl, etc., as described below.
Microorganisms. The parent strain for all mu-
tants obtained in this study was S. aureus 655 HT, a
penicillinase-producing, tryptophan-dependent mu-
tant of the histidine auxotroph, his-Gb-15 (10). An-
other 655 derivative, 655C (cured for a prophage car-
ried by the parent 655), was also used (6). The isola-
tion of the TOF mutants has been previously de-
scribed (5).
Antibiotics. The antibiotics used in this study
were D-cycloserine (Mann Research Laboratories,
New York, N.Y.), methicillin (Bistol Laboratories,
Syracuse, N.Y.), and vancomycin (Eli Lilly, Indiana-
polis, Ind.). All antibiotics were dissolved in deion-
ized water, filter-sterilized by passage- through a
0.45-um membrane filter, and stored at -20 C be-
fore use.
Growth response of mutants to remedial
agents. Media for testing the capacity of solutes to
prevent lysis of TOF mutants were made by dis-
solving 0.8 g of NB and the solute (to the concentra-
tion specified) in deionized water to give a total
volume of 100 ml, adding 1.5 g of agar, and auto-
claving. The poured plates were dried overnight at
37 C. For inocula, cells were grown for 24 hr at 30 C
on BHI slants, resuspended in 1 ml of sterile 0.85%
NaCl per slant, and diluted 1: 100 in sterile saline. A
drop of the diluted suspension of each mutant was
placed on a plate of each type of medium (six drops
per plate), and the plates were incubated at 43 C in
an upright position. After the suspensions dried, the
plates were inverted and examined periodically for
growth. Growth on the plates was tested for temper-
ature sensitivity by transfer to nutrient agar (NA)
with sterile toothpicks, followed by incubation at 43
C for 48 hr.
The possible remedial effect of certain intermedi-
tiates in cell wall bigsynthesis was tested in an anal-
ogous manner. The compounds used were D-alanine
(80 ug/ml, Nutritional Biochemicals Corp., Cleve-
land, Ohio), D-glutamate (100 /ig/ml, Calbiochem,
Los Angeles, Calif.), and DL-alanyl-DL-alanine (320
Ag/ml, Sigma Chemical Co., St. Louis, Mo.). Amino
acids and peptides were sterilized separately as
100x stock solutions and added to autoclaved and
cooled media just before pouring.
Intracellular levels of nucleotide-bound hexos-
amine (UDP-HexNAc). Cultures were incubated at
30 C with shaking in 300-ml nephelometer flasks
containing 100 ml of NB. Culture turbidity was fol-
lowed at a wavelength of 540 nm by using a Baush &
Lomb Spectronic 20 colorimeter. At one-third max-
imal growth, 50 ml of culture was removed and
chilled on ice and the remainder of the culture was
shifted to 43 C with continued shaking. After 1 hr,
both samples were centrifuged at 4 C and 2,500 x g
for 10 min. The pellets were suspended in 2 ml of
deionized water and immersed in a boiling-water
bath for 10 min. Cell debris was removed by centrif-
ugation at 17,300 x g for 30 min, and the superna-
tant fluid was assayed for UDP-HexNAc by the
method of Strominger (18). The nucleotide moiety in
UDP-HexNAc was assumed to be uridine diphos-
phate.
Characterization of UDP-HexNAc. Cells from
an overnight culture (200 ml) were used to inoculate
10 liters of Sa broth. After growth to one-third max-
imal density, the cells were sedimented in a Shar-
ples centrifuge (40,000 rev/min) at 4 C, resuspended
in 100 ml of Sa broth, and added to 900 ml of broth
already at 43 C. After 1 hr of incubation at 43 C, the
cells were gently (3,300 x g) sedimented. The pellet
was resuspended in 100 ml of deionized water; boiled
for 10 min, and cooled to 0 C, and trichloroacetic
acid was added to a concentration of 5%. This sus-
pension was stirred for 30 min at 4 C, and cell debris
was removed by centrifugation at 40,000 x g for 15
min. The resulting supematant liquid was extracted
five times with ether at 0 C to remove most of the
acid.
The concentration of UDP-HexNAc in the
aqueous layer was determined, and the solution was
pumped (1 ml/min) onto a column (2.5 by 40 cm) of
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Dowex-1 with 2% cross-linking which had been
equilibrated with 0.01 N HCl. The nucleotides were
eluted with a linear gradient of 0.0 to 0.6 M NaCl in
0.01 N HCl (1,000 ml). Absorbance at 254 nm was
followed with an ultraviolet analyzer (Instrumen-
tation Specialties Co., model UA-2), and fractions
were assayed for UDP-HexNAc. Peak fractions were
pooled. The nucleotides in each of the pooled frac-
tions were purified and concentrated by absorption
onto charcoal (about 0.01 g of activated charcoal per
Amole of nucleotide). The charcoal was washed by
decantation twice in 0.1 M ammonium acetate and
three times with deionized water. The nucleotides
were eluted in two 10-ml washes of 50% ethanol con-
taining 0.05 M ammonium hydroxide. The solutions
were evaporated to dryness and resuspended in a
small volume of water (little if any release of hexosa-
mine from the nucleotide was ever detected during
these processes). Samples were hydrolyzed for 4 hr
at 105 C in 6 N HCl and subjected to amino acid
analysis on an amino acid analyzer (Beckman In-
struments, model 120C).
Preparation of crude enzyme. S. aureus 655 HT
and various TOF mutants were grown with shaking
(250 rev/min) at 30 C in Sa broth (500 ml). Cells
were harvested at half-maximal growth and washed
once in 30 ml of 0.02 M potassium phosphate buffer,
pH 7.8. The cells were resuspended in 5 ml of the
same buffer and sonically treated for 10 min at 0 C
with a Branson Sonifier model J-17A (Branson Sonic
Power Co.) using the standard microtip at the lowest
power setting.
Cell debris was sedimented at 27,000 x g for 15
min, and three volumes of saturated ammonium sul-
fate (pH 7.4, containing 10-' M disodium ethylenedi-
aminetetraacetate) were added to the supernatant
solution. After 20 min at 4 C, the precipitate was
removed by centrifugation at 40,000 x g for 20 min,
resuspended in 1 to 2 ml of buffer, and stored frozen
at -80 C. This fraction was used as crude enzyme in
the assay for adding enzymes.
Assays of adding enzymes. The activities of the
L-alanine, UDP-MurNAc: L-alanine ligase (EC
6.3.2.8); D-glutamate, UDP-MurNAc-L-alanine:D-
glutamate ligase (EC 6.3.2.9); and L-lysine, UDP-
MurNAc-L-alanyl-D-glutamate: L-lysine ligase (EC
6.3.2.7) (henceforth called L-alanine, D-glutamate
and L-lysine adding enzymes, respectively) were as-
sayed by following the conversion of the appropriate
radioactive amino acid to a form absorbable to di-
ethylaminoethane cellulose paper (DE-81, Reeve An-
gel) (P. E. Linnett, personal communication). The
reactions were carried out in a volume of 250 uliters,
and 25-Mliter samples were taken. All components
except enzyme were mixed at 0 C, and a zero-time
sample was removed. The solution was then incu-
bated at the specified reaction temperature for 1.5
min to allow thermal equilibration before addition of
enzyme. The final concentrations of all reaction
components were as follows: for L-alanine adding
enzyme, 25 mM tris(hydroxymethyl)aminomethane
(Tris)-hydrochloride (pH 8.5), 3 mm MnCl2, 10 mM
KCI, 0.4 mM "4C-L-Ala [130,000 disintegrations/min
(dpm)], 0.4 mM UDP-MurNAc (containing also 0.4
mM UDP-MurNAc-L-Ala), 4 mm adenosine triphos-
phate (ATP), and 10 gliters of crude enzyme; for D-
glutamate adding enzyme: 25 mm Tris-hydrochloride
(pH 8.5), 4 mM MnCl2, 0.5 mM "4C-D-glutamic acid
(120,000 dpm), 0.5 mm UDP-MurNAc + 0.5 mM
UDP-MurNAc-L-Ala, 4 mM ATP, and 10 Mliters of
crude enzyme; for L-lysine adding enzyme: 25 mm
Tris-hydrochloride (pH 8.5), 15 mM MgCl2, 0.5 mM
'4C-L-lysine (350,000 dpm), 0.5 mm UDP-MurNAc-L-
Ala-D-Glu, 4 mm ATP, and 10 gliters of crude en-
zyme.
Samples (25 iliters) were spotted on squares (1.5
cm) of DE-81 paper. After the samples had dried,
the paper was given five washes of 5 min each in ei-
ther deionized water (alanine and lysine adding en-
zyme assays) or 70% acetic acid (glutamate adding
enzyme assay). The samples were then dried and
counted in toluene scintillation cocktail (19) in a
Nuclear-Chicago Unicap 300 scintillation counter.
Counting efficiencies were determined by spotting
10 dliters of '4C-amino acid solution on a DE-81
paper square, drying, and counting as described
above. Protein was determined by the method of
Lowry et al. (11).
Scanning beam electron microscopy. Cells from
an overnight culture in Sa broth (30 C) were used to
inoculate 30-ml cultures in 125-ml nephelometer
flasks. Cultures in Sa broth were incubated at 30 C,
and cultures in Sa broth plus 1 M NaCl were incu-
bated at 43 C. In each case, cells were removed for
fixation during logarithmic growth. A second sample
was removed from the 30 C cultures 2 hr after a shift
to 43 C. Two fixation procedures were used. The first
method (I) was a modification of that used by Fass
et al. (3). Cells from a sample., of culture were sedi-
mented at 4 C and 600 x g for 15 min, washed five
times in 1 M NaCl at 4 C, and resuspended in 2 ml
of buffered 2.5% glutaraldehyde, pH 7.0, containing
1 M NaCl. The cells were incubated with agitation at
room temperature for 4 hr and then washed five
times with sterile, particle-free deionized water. The
samples were placed on specimen stubs and desic-
cated rapidly in a high vacuum. In the second
method (II), the cells were fixed directly in the cul-
ture medium to avoid centrifugation before fixation.
One milliliter of 5% glutaraldehyde was added to 1
ml of culture and the mixture was allowed to stand
at room temperature for 2 hr. The cells were then
centrifuged at 8,000 x g for 10 min and washed five
times with particle-free, deionized water. Samples
were applied directly to specimen stubs, which were
allowed to air-dry.
A Mark II Cambridge Stereoscan electron micro-
scope (Cambridge Instrument Co.) was used. The
samples were shadowed with 5 nm of carbon and 25
nm of gold and examined with an accelerating
voltage of 20 kv.
RESULTS
Dependence of growth at 43 C on osmo-
larity and exogeneous amino acids. The
ability of various solutes to support the growth
of the TOF mutants at 43 C was tested. No
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mutant responded to D-alanine, D-glutamate,
or DL-alanyl-DL-alanine, although they did not
inhibit growth of wild-type cells at the concen-
trations employed. It is therefore probable that
no mutant had a primary genetic lesion in the
synthesis of these peptidoglycan precursors.
Glycerol (2 M), to which the S. aureus cyto-
plasmic membrane is permeable (15), did not
affect growth of wild-type cells, but was unable
to support confluent growth of any of the mu-
tants. However (with the exception of TOF-
123), 2 M sucrose and 1 M NaCl, to which S.
aureus is selectively impermeable, did permit
confluent growth. Sucrose at 2 M is somewhat
inhibitory to S. aureus 655 HT. Two of the
mutants (TOF-84 and 95) gave rise to a few
distinct colonies on NA plus 2 M glycerol.
These colonies were no longer temperature-
sensitive and were presumably revertants.
Cells from areas of confluent growth on NA
plus 1 M NaCl remained totally temperature-
sensitive.
The minimum remedial concentration of
NaCl that would allow confluent growth of
each mutant varied from 0.5 to 1.0 M (Table 1).
It was noted that, as the minimum remedial
concentration for any one mutant was ap-
proached, more revertant colonies were ob-
served.
Scanning electron microscopy. No differ-
ence in morphology could be detected by light
microscopy between wild-type and mutant
cells grown under a variety of conditions.
However, certain differences were detected by
scanning electron microscopy employing two
fixation techniques (see Materials and Meth-
ods). Wild-type cells appeared the same by
either technique except for a slight increase in
adsorbed material when the cells were fixed
before washing.
The cells shown in Fig. 1 were prepared by
the first technique. The TOF-9 cells grown at
30 C (Fig. 1B) show many more indentations
(i) than wild-type cells (Fig. 1A). When the
cells were cultured in the absence of salt at 43
C, the surfaces of both mutant (Fig. 1D) and
wild-type (Fig. 1C) cells became rougher with
various protrusions. More cell debris (d) was
found in the mutant culture. When wild-type
cells were grown at 43 C in the presence of 1 M
NaCl (Fig. 1E), they became larger but re-
tained their smooth spherical appearance.
However, cells of TOF-9 grown under identical
conditions (Fig; 1F) show many indentations
and an increase in cell debris. The rapid desic-
cation during fixation probably causes the in-
dentations, which may provide a rough indica-
tion of cell wall rigidity. Ridges surrounding
the indentations may represent nascent divi-
sion planes. It is not known whether the cel-
lular debris observed in these micrographs is
produced during growth or during the fixation
process, but it is probably indicative of lysis.
Examination of another strain, TOF-95,
gives a striking example of cell fragility (Fig.
2). When the cells grown at 30 C were pre-
pared by the second technique (Fig. 2A), col-
lapsed and broken cells were observed. Some
TABLE 1. Effect of the concentration of NaCI on the growth of TOF mutants at 43 C
Growth response, to NaCl at a molar concentration of:
Strain
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
655 C (wild type) 4 4 4 4 4 4 4 4 4 4 4
655 HT (wild type) 4 4 4 4 4 4 4 4 4 4 4
TOF-112 1 1 1 3 3 4 4 4 4 4 4
TOF-9 - - - 2 3 3 4 4 4 4 4
TOF-84 - - _ 2 2 3 3 4 4 4 4
TOF-95 - - 1 1 1 2 3 4 4 4 4
TOF-101 - - - - - - - 4 4 4 4
TOF-108 - - - - 1 1 1 4 4 4 4
TOF-115 - - - 2 3 3 3 4 4 4 4
TOF-1 - - - - - - 2 3 4 4 4
TOF-25 - - - - - 1 1 3 4 4 4
TOF-87 - - - - - - - 3 4 4 4
TOF-65 - - - - - - - 3 3 3 4
TOF-113 - - - - - - - - 1 2 4
TOF-33 - - - - - - - - - - 3
TOF-123 - - - - - - - - - - 3
a Growth response is recorded as: - = no growth; 1 = one to five colonies; 2 = 6 to 50 colonies; 3 = more
than 50 colonies; 4 = confluent growth. Cultures were grown on nutrient agar plates containing the indicated
concentrations of NaCl.
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FIG. 1. Scanning electron micrographs of Staphylococcus aureus strain 655 HT (A, C, E) and mutant
TOF-9 (B, D, F) fixed by method I before (A, B) and 2 hr after (C, D) a shift from 30 to 43 C. Cells also fixed
by method I in the logarithmic phase of growth in nutrient broth +1 M NaCI at 43 C are shown in E and F.
The presence of debris (d) and of indentations of the cell surface (i) predominate in mutant cells, suggesting
that they have a weakened cell wall.
broken cells appear to have fractured along
division planes (f). After this same culture had
been exposed to the restrictive temperature for
2 hr (Fig. 2B), so much debris was present that
any remaining cells were obscured.
Accumulation of UDP-HexNAc. The nu-
cleotide UDP-N-acetylglucosamine (UDP-
GlcNAc) is a precursor of both peptidoglycan
and teichoic acid in S. aureus (16). UDP-
MurNAc-pentapeptide, containing the basal
peptide of the peptidoglycan, is derived from
UDP-GlcNAc by a sequence of reactions which
are unique to peptidoglycan biosynthesis.
Exposure of certain strains of S. aureus to an-
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FIG. 2. Scanning electron micrographs of mutant TOF-95. These cells were grown in nutrient broth into
the early logarithmic phase of growth at 30 C (A), shifted to 43 C for an additional 2 hr of incubation (B), and
fixed by method II. Cells appeared to fracture along nascent division planes (f). The magnification is the
same as in Fig. 1.
tibiotics that inhibit enzymes involved in this
process leads to the accumulation of the UDP-
HexNAc substrates of the enzymes (4).
The amounts of UDP-HexNAc accumulated
by the parent strain (655 HT) in response to
inhibition of peptidoglycan synthesis at 43 C
with either vancomycin or D-cycloserine were
determined and compared with the amounts
accumulated by mutant cells at 30 and 43 C
(Table 2). Whereas wild type accumulates very
little UDP-HexNAc at 30 C, a number of
strains (TOF-9, 25, 33, 65, 112, 115, and 123)
accumulate significant levels even at this tem-
perature. Most TOF mutants show a reduced
growth rate with respect to 655 HT (the parent
strain) at 30 C, suggesting the presence of
some defect even at this generally permissive
temperature. Exposure to 43 C for 1 hr causes
an increase in the UDP-HexNAc levels for
many of the strains (TOF-1, 25, 33, 95, 112,
115 and 123). However, strains TOF-9 and 65
show a significant decrease. This reduction
may be due to a loss of intracellular compo-
nents from fragile or lysed cells before extrac-
tion. In general, the amounts of nucleotide-
bound hexosamine found for the different
mutants form a continuum from the amount
accumulated by the parent strain treated with
vancomycin to the level found in untreated
cells.
Determination of specific types of nucleo-
tide-bound hexosamines. In order to deter-
mine the types of UDP-HexNAc accumulated,
cultures of several of the TOF mutants were
subjected to a temperature shift from 30 to 43
C in the absence of NaCl. The nucleotides ex-
tracted from the heat-treated cells were chro-
matographed on a column of Dowex-1 (2%
TABLE 2. Accumulation of UDP-HexNAc by TOF
mutantsa
Nucleotide accumulations'
Strain
30 cc 43 Cd Changee
655 HT (no additions) 0 1 + 1
655 HT + V' 99
655 HT + CS' 34
TOF-123 23 76 +53
TOF-112 24 75 +51
TOF-115 39 65 +26
TOF-9 74 30 -14
TOF-33 40 41 +1
TOF-25 17 26 +9
TOF-65 24 17 -7
TOF-1 0 15 +15
TOF-95 0 14 +14
TOF-84 8 7 - 1
TOF-101 8 4 -4
TOF-87 0 0 0
TOF-113 0 0 0
aCells were grown in Sa broth without added
NaCl.
'Recorded as nmoles/5 ml of culture/final OD.
cAmounts of UDP-HexNAc extracted from cells
grown at 30 C.
d Amounts of UDP-HexNAc after an additional
hour of exposure to 43 C.
e Difference in the amount of nucleotides observed
at 30 and 43 C.
t CS = 200 lig of D-cycloserine per ml; V = 20 jg
of vancomycin per ml.
cross-linking) at low pH. These conditions
provided for the retention and selective elution
of the UDP-HexNAc compounds and their
separation from contaminating amino acids
(19).
The elution patterns for extracts of six of the
236 J. BACTERIOL.
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TOF mutants are given in Fig. 3. The hexosa-
mine content of each ultraviolet (UV)-ab-
sorbing peak was determined by the Morgan-
Elson reaction, the nucleotide was desalted by
charcoal absorption, the hexosamine content
was redetermined, and the sample was sub-
jected to amino acid analysis, allowing a clear
identification of the peptidoglycan precursor
nucleotide(s) present in each case (Table 3).
Nucleotides extracted from TOF-25 were
eluted with a shallower gradient and a greater
volume of eluate than used for the other ex-
tracts, resulting in an extended pattern of UV
absorbance, and so the patterns of UV absorb-
ance were adjusted to facilitate comparisons.
The elution volume of a peak of yellow pig-
ment that eluted near the end of the gradient
was given a value of 100, and other peaks were
assigned fractional values thereof. The first
peak (I) to be eluted was the tripeptide (UDP-
MurNAc-Ala-Glu-Lys), followed closely by the
second (II) containing the pentapeptide (UDP-
MurNAc-Ala-Glu-Lys-Ala-Ala). Peak III was
complex, containing UDP-GlcNAc, UDP-
MurNAc, and UDP-MurNAc-Ala. The UDP-
GlcNAc portion (IIIa) appeared to precede
slightly a region (ITb) containing a mixture
of UDP-MurNAc and UDP-MurNAc-Ala.
(GlcNAc and MurNAc were separately assayed
by the amino acid analyzer.) The amount of
UDP-MurNAc-Ala was assumed to be equal to
0 10
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the amount of Ala, and the amount of UDP-
MurNAc equal to the excess of MurNAc over
Ala. Lastly, a peak (IV) containing the dipep-
tide UDP-MurNAc-Ala-Glu was eluted.
The types and relative amounts of the dif-
ferent UDP-HexNAc are summarized in Table
4, which also lists the defect in each mutant
strain deduced from this pattern. The first
peak to be eluted (I or II) contained either tri-
peptide or pentapeptide, but not both. Ex-
tracts from TOF-9 also contained a small peak
with a relative elution volume of 50 (probably
containing UDP-MurNAc-Ala-Glu-Lys or
UDP-MurNAc-Ala-Glu-Lys-Ala-Ala, but too
little material was present to allow amino acid
analysis). When wild-type cells were exposed
to the temperature shift with the simultaneous
addition of methicillin or D-cycloserine, the
expected accumulations were observed. Methi-
cillin-treated cells accumulated primarily pen-
tapeptide and D-cycloserine-treated cells pri-
marily tripeptide (Table 4).
In vitro activities of Lralanine, D-gluta-
mate, and L-lysine adding enzymes. Crude
extracts of four of the TOF mutants (TOF-1, 9,
95, and 123) were compared to extracts of
wild-type cells for their ability to add L-ala-
nine, D-glutamate, and L-lysine to the appro-
priate acceptors (Fig. 4). The appropriate nu-
cleotide acceptor and "C-amino acid were
incubated at 30 or 43 C with extract, and the
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FIG. 3. Elution patterns of ultraviolet-absorbing compounds (solid line) and nucleotide-bound hexosa-
mines (hatched areas) from a column of Dowex-1 x 2 eluted with a linear gradient of 0.0 to 0.6 M NaCI in
0.01 N HCI. The elution patterns of extracts from several TOF mutants are presented. The elution volume is
defined in Results.
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TABLE 3. Amino acid analysis of UDP-HexNAc
accumulated by TOF mutants and by 655 HT
treated with methicillin and D-cycloserine at 43 C
Nanomoles of amino acid per
Strain Peak nanomole of hexosaminea
no.
Ala Glu Lys MurN GlcN
TOF-1 II 2.90 0.92 0.94 0.94 0.06
III 0.08 0.92 0.08
TOF-9 III 0.49 1.0
TOF-25 I 0.90 0.87 0.99 1.0
TOF-95 II 2.98 0.82 0.90 1.0
lIla 0.05 0.06 0.12 0.88
IIIb 0.12 1.0
IV 0.92 0.88 1.0
TOF-112 I 0.86 0.91 1.1 1.0
III 0.28 0.82 0.18
TOF-123 II 3.10 1.04 0.89 1.0
III 0.38 0.9 0.1
655 HT + II 3.25 0.94 1.18 1.0
Methb
655 HT + I 1.13 0.98 1.14 1.0
D-CSC III 0.65
aAla = alanine; Glu = glutamic acid; Lys = ly-
sine; MurN = muramic acid; GlcN = glucosamine.
b Methicillin, 50 qg/ml.
c D-Cycloserine, 180 ,g/ml.
amount of addition was assayed by the amount
of "C bound to DE 81 paper (see Materials
and Methods). Assay by adsorption to char-
coal, followed by oxidation in a Packard Tri-
Carb sample oxidizer, gave similar results.
These assay conditions were a modification of
those of Ito and Strominger (9).
Specific activities of enzyme extracts from
each strain were highly reproducible, as were
the kinetics of addition under the conditions of
assay and deviations of behavior of mutant
enzyme from wild-type enzymes (Fig. 4).
These deviations, therefore, reflect differences
in the quantities or properties of the individual
enzymes.
The alanine and glutamate adding activities
of TOF-95 were almost indistinguishable from
wild type at 30 or 43 C, whereas its lysine
adding activity was very much less at 30 C,
and was barely measurable at 43 C. The wild-
type activity is itself temperature-sensitive.
This mutant, therefore, has a defective lysine
adding activity, as predicted from its nucleo-
tide accumulation pattern (Table 3).
TOF-9 and 123 have lysine adding activities
indistinguishable from that of wild type. Both
have L-alanine adding activities about 60% of
wild type at both 30 and 43 C, but whereas the
glutamate adding activity of TOF-9 is about
17% of wild type at 30 C and less at 43 C, no
glutamate adding activity could be detected in
TOF-123 extracts. These mutants therefore
have defective and possibly deficient gluta-
mate adding activities, together with a minor
deficiency in alanine adding activity. Again
these data coincide with the nucleotide accu-
mulation patterns (Table 3).
The lysine adding activity of TOF-1 was
indistinguishable from wild type, but its gluta-
mate adding activity was marginally reduced
to about 85% of wild type. Its alanine adding
activity was 100% of wild type at 30 C, and
somewhat less (85%) at 43 C. This was sur-
prising because its nucleotide accumulation
pattern suggests a defect in alanine addition in
vivo (Table 4).
DISCUSSION
The TOF mutants have been classified as
cell wall mutants on the basis of several cri-
teria: (i) growth at the restrictive temperature
was only possible in the presence of high con-
centrations of true osmotic stabilizers; (ii) al-
though mutant cells subjected to 43 C did not
immediately lyse when suspended in distilled
water, they were shown to be more fragile than
wild-type cells since, in common with cells
exposed to lethal concentrations of D-cycloser-
ine, they are more sensitive to detergent (5);
(iii) striking morphological changes could be
seen in cells of some mutants by scanning
electron microscopy; (iv) many of the mutants
accumulated concentrations of peptidoglycan
precursors (nucleotide-bound hexosamine) in
excess of those found in wild-type cells; (v) the
kinds and amounts of these peptidoglycan pre-
cursors varied among the mutants; and (vi)
reduced in vitro activities of enzymes corre-
lated well with precursor accumulation pat-
terns in four mutants.
The remedial effect of 1 M NaCl might be
due to either reduction of the osmotic differen-
tial across the plasma membrane, or to an al-
teration in the conformation of a defective pro-
tein so as to render it active. Mutants of the
latter type have been found in yeasts (8) and
in bacteria. In fact, it appears as if high solute
concentrations are remedial for many tempera-
ture-sensitive mutants (Y. Hirota, personal
communication). For the TOF mutants, su-
crose was also remedial at 2 M concentrations
but glycerol was not. Since the S. aureus
plasma membrane is freely permeable to glyc-
erol (15) but not to sucrose, this demonstrates
that the remedial capacity of a solute is simply
dependent on its osmotic differential across
the plasma membrane.
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TABLE 4. Kinds and amounts of UDP-HexNAc accumulated by several TOF mutants and the presumptive
enzyme defects in these mutants
Per
cent
Strain | Peakn total Nucleotide accumulateda Presumptive enzyme defect
hexo-
samine
TOF-1 II 41 UDP-MurNAc-Ala-Glu-Lys-Ala-Ala
III 54 UDP-MurNAc
5 UDP-MurNA-Ala
TOF-9 III 51 UDP-MurNAc Ala or Glu addition
49 UDP-MurNAc-Ala
TOF-25 I 95 UDP-MurNAc-Ala-Glu-Lys Ala-Ala synthesis or addition
TOF-95 II 9 UDP-MurNAc-Ala-Glu-Lys-Ala-Ala Lys addition
Ila 7 UDP-GlcNAc
IIIb 33 UDP-MurNAc
5 UDP-MurNAc-Ala
IV 46 UDP-MurNAc-Ala-Glu
TOF-112 I 84 UDP-MurNAc-Ala-Glu-Lys Ala-Ala synthesis or addition
III 8 UDP-MurNAc
4 UDP-MurNAc-Ala
3 UDP-GlcNAc
TOF-123 II 7 UDP-MurNAc-Ala-Glu-Lys-Ala-Ala Ala or Glu addition
III 58 UDP-MurNAc
35 UDP-MurNAc-Ala
655 HT + Meth II 70 UDP-MurNAc-Ala-Glu-Lys-Ala-Ala
30 UDP-MurNAc, UDP-MurNAc-Ala
655 HT + D-CS II 76 UDP-MurNAc-Ala-Glu-Lys
III 16 UDP-MurNAc
8 UDP-MurNAc-Ala
aUDP-MurNAc = Uridine diphospho-N-acetylmuramic acid; UDP-GlcNAc = uridine diphospho-N-ace-
tylglucosamine; Ala = D or L-alanine; Glu = D-glutamate; Lys = L-lysine.
Because D-glutamate, D-alanine, and D-
alanyl-D-alanine are constituents of the cell
wall monomer, some TOF mutants might be
blocked in their synthesis. However, none of
the mutants grew at 43 C on agar plates in
which these compounds were supplied. This
implies that defects in D-glutamate or D-ala-
nine synthesis were not responsible for any of
the mutant phenotypes; since it is not known
whether exogeneous D-alanyl-D-alanine can be
utilized by S. aureus, some of the mutants
may be deficient in its synthesis. Fragile orga-
nisms that require D-alanine have been found
in E. coli (13).
Cell wall fragility in these mutants was
demonstrated by lysis after exposure to ionic
detergent (sodium lauryl sulfate). In this way,
a time-dependent increase in fragility could be
shown for cells shifted to 43 C in the absence
of NaCl (5). The degree of fragility varied
among the mutants, as did the minimum re-
medial concentration of NaCl (Table 1). Thus,
the TOF mutants appear to have a weakened
cell wall at 43 C rather than no wall at all.
Observations of the mutants grown under a
variety of conditions by light microscopy were
disappointing. No differences between mutant
and wild-type cells could be discerned. How-
ever, scanning electron microscopy showed
abnormal characteristics in cells of those mu-
tants investigated, consistent with other obser-
vations. The organisms had a cell wall under
all conditions, although it appeared more
fragile than that of identically grown and fixed
wild-type cells. Daughter cells of mutant TOF-
95 (Fig. 2A) seemed to have broken apart at
nascent division planes giving "half-cells"
similar to those observed by Mitchell and
Moyle (15). The collapse of certain cells (TOF-
9, Fig. 1F) and the presence of numerous in-
dentations are probably artifacts of the prepa-
ration. However, their predominant appear-
ance only in mutant cells suggests that these
cells have weakened cell walls.
Many of the mutants were found to accumu-
late UDP-HexNAc at both 30 and 43 C (Table
2). The accumulation at 30 C probably indi-
cates that the mutants are partially, although
not lethally, defective at this temperature. In
contrast, two mutants showed no accumulation
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FIG. 4. Addition of L-alanine, D-glutamate, and
L-lysine to the appropriate acceptor nucleotides at
30 and 43 C. Crude supernatant enzymes were pre-
pared as described in Materials and Methods. As-
says for the addition of each amino acid were per-
formed simultaneously on each extract at 30 C fol-
lowed by assay at 43 C. The final concentrations of
protein used were as follows: 655 HT (0), 0.57
mg/ml; TOF-1 (0), 0.52 mg/ml; TOF-9 (A), 0.48
mg/ml; TOF-95 (O), 0.60 mg/ml; and TOF-123 (0),
0.40 mg/ml.
(TOF-37 and 113) and others showed only
slight accumulation (TOF-84 and 101) at either
temperature. This could be due to a loss of
accumulated precursors during the isolation
procedure or to the presence of another type of
defect such as increased activity of autolytic
enzymes or a block in UDP-GlcNAc synthesis.
Six of the mutants were chosen for further
analysis of their accumulated UDP-HexNAc.
Each pattern of accumulation suggested a spe-
cific enzymatic defect (Table 4), and for four
of them (TOF-1, 9, 95, and 123) this defect was
apparently in L-alanine, D-glutamate, or L-ly-
sine addition. In the remaining two (TOF-25
and 112), this defect was apparently in D-
alanyl-D-alanine addition or synthesis, but as-
says for these activities have not yet been per-
formed.
By comparison with enzyme extracts from
wild-type cells, enzyme extracts from TOF-9
and 123 cells had the predicted defect in D-
glutamate addition and extracts from TOF-95
had the expected defect in L-lysine addition.
Other assayed activities in these mutants were
normal, except that TOF-9 and 123 extracts
also have somewhat reduced L-alanine adding
activities.
A temperature-sensitive phenotype implies
an amino acid replacement in an essential poly-
peptide, rendering its required conformation
less stable. This defect can be in a polypeptide
control factor or in an enzyme structural gene.
The in vitro data on TOF-9, 95, and 123 en-
zymes probably reflects a loss in activity of
their mutant enzymes during isolation,
implying that the defect is in the appropriate
structural genes. If the defect were in control,
resulting in reduced synthesis of normal en-
zymes, then L-alanine, D-glutamate, and L-ly-
sine adding enzymes must be under separate
control.
Extracts of TOF-1 did not show the pre-
dicted defect in L-alanine addition and had
nearly normal activities of all three enzymes
assayed. Pentapeptide accounts for 42% of the
nucleotide accumulated by TOF-1, so the de-
fect in this mutant may be subsequent to its
synthesis. However, its accumulation pattern
differs markedly from that induced by methi-
cillin. Exposure of wild-type cells to methi-
cillin or D-cycloserine induces the expected
accumulations of nucleotide pentapeptide and
tripeptide, respectively (Table 3), and, as pre-
viously recognized (9), UDP-MurNAc and
UDP-MurNAc-L-Ala also accumulate (Table 4).
The L-alanine and D-glutamate adding en-
zymes may thus be subject to feedback inhibi-
tion by pentapeptide or tripeptide. The accu-
mulation of considerable quantities of UDP-
MurNAc in TOF-9, 95, and 123 but not in
TOF-25 or TOF-112, however, suggests that
alanine nucleotide and dipeptide rather than
tripeptide may inhibit alanine addition. Accu-
mulation of smaller amounts of pentapeptide
by TOF-95 and TOF-123 probably reflects the
lethal result of inhibition of cell wall synthesis
in these mutants. Although direct interaction
of adding enzymes with each other and with
cell membrane has not been demonstrated,
this might also be responsible for feedback in-
hibition. If so, in vitro assay conditions would
not be a true reflection of in vivo activity.
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DEFECTIVE CELL WALL PRECURSOR SYNTHESIS
The biosynthesis of the bacterial cell wall
involves at least eighteen unique enzymatic
steps and thus an equal or greater number of
genes. One would expect mutants in peptido-
glycan biosynthesis to be evenly distributed
among these genes. However, in this study six
of thirteen mutants analyzed have defects in
the initial stages of monomer synthesis. Steps
in peptidoglycan synthesis subsequent to nu-
cleotide pentapeptide formation involve mem-
brane-bound enzymes, and any mutation af-
fecting membrane structure might be expected
to affect these processes. Our failure to isolate
such mutants was surprising. Perhaps partici-
pation in membrane-associated reactions
places such stringent requirements on enzyme
tertiary structure that replacement by mutant
enzymes is not consistent with the leaky phe-
notype selected by the present technique.
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